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ABSTRACT 
         Cryogenic technology is now a rapidly progressing system which is used in different 
cooling processes because the behaviour of many physical materials changes beyond our 
expectations. For example copper behave normally as other materials for electrical conductivity 
but at the cryogenic temperature it behaves as superconductor. Actually there is no certain 
temperature from which the cryogenic temperature starts but according to the scientist below       
-1500C or 123 K cryogenic temperature starts. Also the time is to use products of compactness 
which is known as miniaturization. In the engineering background there are many researchers 
who have studied and developed the micro channels as the cooling process is very efficient 
because the surface area to volume ratio is very less. So it is now a keen interest to use cryogenic 
temperature in the micro channels. 
         There are different gases present in our atmosphere which are used as cryogenic fluids, 
example Helium, Nitrogen, Oxygen, etc., as boiling points of these  gases are below cryogenic 
temperature. The boiling point of liquid Nitrogen is 77.2 K and the freezing point is 63 K. In this 
present work cryogenic gas is intended to flow through a circular micro channel and a two 
dimensional numerical simulation is carried out for an internal convective laminar flow through 
the channel, subjected to constant wall heat flux to see the axial back conduction in the solid 
substrate of the tube which leads to conjugate heat transfer. Nitrogen gas is used as working fluid 
to flow through the microtube. Thermo-physical properties (e.g. density, viscosity, specific heat 
and thermal conductivity) of nitrogen gas change appreciably with the temperature, thus thermo-
physical properties function of temperature are used as UDF as described in numerical 
simulation chapter. The micro channel of 0.4 mm diameter and 60 mm length are kept constant 
and δsf (i.e. ratio of wall thickness (δs) to inner radius (δf)) is varied such as 1, 2, 3, 4 & 5 
throughout the simulation. Other variable parameters are Reynold’s number varies as 100 & 500 
and ksf (i.e. solid conductivity ratio to fluid conductivity ratio) varies from 22.07931 to 45980.71. 
In this work it is tried to find out most suitable material i.e. ks value as well as suitable wall 
thickness of the microtube i.e. δs value with the help of change in different parameters. After the 
completion of the numerical analysis the conclusions found are, (i) wall conductivity ratio and 
wall thickness ratio play dominant role in the effect of axial back conduction, (ii) there exist an 
optimum ksf value at which average Nusselt number (Nuavg) is maximum while other parameters 
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are kept constant, (iii) at higher value of δsf, average Nusselt number becomes lower, (iv) Nuavg 
increases with increase in flow rate i.e. increasing value of Reynolds number. 
Keywords: Axial back conduction, conjugate heat transfer, microchannel, constant heat flux, 
optimum Nusselt number, cryogenic fluid  
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Nomenclature 
cp Specific heat of fluid, J/kg-K 
Di Inner diameter of micro-tube, m 
hz Local heat transfer coefficient, W/m
2-K 
kf Fluid thermal conductivity, W/m-K 
ks Solid thermal conductivity, W/m-K 
ksf Ratio of ks to kf 
L Total length of tube, m 
Nuz Local Nusselt number 
P Parameter of axial conduction 
Pe Peclet number 
Pr Prandtl number 
q  Heat flux experienced on the solid-fluid interface of the micro-tube, W/m2 
wq  Heat flux experienced on outer surface of the micro-tube, W/m
2 
qw Wall heat flux, W/m
2 
Re Reynolds number 
ri Inner radius of micro-tube, m 
Tw Wall temperature, K 
u Velocity in axial direction, m/s 
u  Average velocity at inlet, m/s 
Z Axial co-ordinate, m 
Z* Non dimensional axial co-ordinate 
Greek symbols 
δf Inner radius of the microtube, m 
δs Thickness of the solid substrate, m 
δsf Ratio of δs to δf 
  Differential parameter 
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Chapter-1 
 
INTRODUCTION 
 
 
1.1. Use of Microchannel 
Fluid is flowing through many small channels in natural and human’s biological systems, for 
example in all blood channels, brain system, intestines, kidney and lungs. Occurrence of heat 
and mass transfer are also depending on many manmade devices for example heat 
exchangers, nuclear reactors, desalination systems, air separation systems, etc. The fluid is 
flowing through the cross sectional area of the channel which is called mass transfer but the 
transportation process of heat takes place across the surface area of wall of the channel. 
Therefore, cross sectional area of the channel acts as conduit to transport fluid from the 
channel walls. 
         There are two objectives for a channel to full-fill (i) bring fluid to make contact with the 
channel walls and (ii) remove heat from the channel wall to accomplish the transportation 
process. The rate of fluid flow depends on cross sectional area of the channel and the rate of 
transportation depends on surface area of the walls. The surface area of the walls varies with 
the diameter ‘D’ of the channel and cross sectional area varies linearly with D2. Thus, if D 
decreases the value of surface area to volume ratio increases. So, the key factor of using 
micro channel is due to the advantage of high heat transfer area per unit volume, which helps 
easy removal heat from the surfaces of micro channel. In human biological systems heat and 
mass transfer process occur inside the lung and kidney with the flow channel of 4 µm 
capillaries. 
 
 
2 
 
1.2. Background 
         Before 19th century there were very few researchers who had worked under micro 
channels. From the 19th century to 20th century many researchers came forward to work under 
micro channels. But after 21st century it became the keen interest for many researchers to 
work with this system and gradually became wide range of study in miniaturization of power 
sources. Many researchers from different technological backgrounds like micro heat 
exchangers, micro reactors, micro fluidic components, turbo machinery, high performance 
insulation and electrochemistry etc. started working with this system. In the recent advances 
many micro devices from different backgrounds have been developed such as micro-
biochips, micro-valves, micro-fuel cells etc. The trend of miniaturization highly developed in 
computer application for the purpose of cooling of overheated integrated circuits (ICs). Thus 
effective cooling technique is very much essential for the microchips and became extensive 
interest for research in micro channels. 
1.3. Classification fluid flow channels 
         The classification based on the size of hydraulic diameter ‘D’ of the channel as listed 
below [1]. 
Nano channel       D ≤  0.1µm 
Transitional nano channel   0.1µm ˂ D ≤ 1 µm 
Transitional microchannel       1µm ˂  D  ≤ 10 µm 
Micro channel       10 µm ˂  D  ≤ 200 µm 
Mini channel       200 µm ˂  D  ≤ 3 mm 
Conventional channel    D ≥ 3 mm 
 
1.4. Axial Back Conduction 
         Considering a laminar fluid flow inside a circular micro channel subjected to a 
boundary condition of “constant wall heat flux” at the outer surface of the channel. It is 
considered that when heat is applied on the outer surface of a duct, heat flows radially 
through the wall of the channel by means of conduction. When it reaches the inner surface of 
the duct (i.e. solid-fluid interface), the heat is added to the fluid and is carried by the fluid in 
direction of flow. As the solid fluid interface area increases linearly along the flow direction 
and due to the application of uniform heat flux the heat is added continuously to the fluid 
throughout the flow through channel. Thus the fluid temperature or bulk fluid temperature 
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(Tf) increases linearly as well as the duct wall (solid-fluid interface) temperature (Tw) beyond 
the thermally developed region. Mathematically the applied heat flux q˝ is represented as 
( )w fq h T T                            (1.1) 
So, the duct wall temperature can be written as  
w f
q
T T
h

                            (1.2) 
 
Fig 1.1: Change of local wall temperature with bulk mean temperature of fluid for a circular 
microtube in the direction of flow of fluid subjected to (a) constant wall heat flux and (b) constant 
wall temperature [2]. 
 
In case of constant wall heat flux boundary condition as shown in Fig 1.1 (a) taking the 
assumption that the fluid properties remain constant. Mathematically it can be analysed that: 
q= constant                          (1.3) 
or, ( )h T constant                       (1.4) 
or, T  constant     (as convective heat transfer ‘h’ is constant)         (1.5) 
or, 
w fT T constant                       (1.6) 
      From the above analysis it is observed that bulk fluid temperature (Tf) as well as duct wall 
temperature (Tw) increases linearly to make the difference constant along the direction of 
flow. In Fig 1.1 (a) the temperature lines are plotted taking the assumption that the physical 
properties of fluid and solid are constant. As shown in the figure both the temperature lines 
are going on increasing linearly at fully developed region from inlet to outlet. So the 
maximum temperature is at the outlet and minimum temperature at the inlet both in solid and 
fluid medium. This causes a potential difference of heat for thermal conduction to flow from 
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outlet to inlet of the tube whereas flow of fluid is taking place from inlet to outlet. This 
phenomenon of conduction of heat opposite to the direction of flow of fluid is called “axial 
back conduction”. As both conduction and convection mode of heat transfer is taking place 
at the solid-fluid interface simultaneously that’s why it leads to conjugate heat transfer 
condition. 
     In the case of constant wall temperature boundary condition as shown in Fig 1.1 (b), the 
bulk fluid temperature increases in nonlinear manner and approaches asymptotically equal to 
the wall temperature at the flow end. Thus it is to be observed that there is no axial 
temperature gradient and is expected no such phenomenon under this condition. 
 
1.5. Fluid Flow and Heat Transfer Modelling 
1.5.1. Fluid Flow  Modelling 
Fluid flow modelling can be classified into two following ways: 
(i) Continuum Modelling – This modelling approaches finding of velocity, density, 
pressure, etc. at each point in space and time, and conservation of mass momentum and 
energy, which leads to formation of nonlinear partial differential equations. 
(ii) Molecular Modelling – This modelling approaches deterministic or probabilistic 
modelling because there are some inaccuracy generated from the calculation of 
molecular transport effects, such as viscous dissipation, thermal conduction, mean flow 
velocity and temperature. The calculation of microscale phenomena fails taking the 
assumptions of macroscale information because the characteristic length of the 
(gaseous) flow gradients approaches the mean free path i.e. the average distance 
travelled by the molecules between two successive collisions. The ratio between the 
above two quantities refers to Knudsen Number. 
1.5.1.1. Knudsen Number 
      The Knudsen number denoted by the symbol “Kn” 
Mathematically, Kn = λ/L ,                     (1.7) 
where L is the characteristic length or the hydraulic diameter Dh of the channel and λ is the 
mean free path. 
 According to  molecular theory of gases of physics the value of mean free path is 
characterised by different models considering the molecules of the gases either soft sphere or 
hard sphere such as very hard sphere (VHS) model, hard sphere (HS) model and very soft 
sphere model (VSS). 
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   Considering the molecules of ideal gases to hard sphere and the value of λ is given by [04] 
22
kT
p

 
                           (1.8) 
Navier-Stokes equations are valid when the mean free path is very small compared to the 
characteristic length and this is also called as the continuum approach, which is valid as long 
as Kn ≤ 0.1. 
1.5.2. Heat Transfer Modelling 
    In cartesian coordinates, the governing equations for steady, incompressible and two 
dimensional flows with constant physical properties are expressed as: 
Continuity equation: 
0
u v
x y
 
 
 
                          (1.9) 
Momentum equations: 
x -component:        
2 2
2 2
1u u p u u
u v v
x y x x y
     
     
     
              (1.10) 
y-component:       
2 2
2 2
1v v p v v
u v v
x y y x y
     
     
     
              (1.11) 
Energy equation: 
2 2
2 2
1T T T T
u v
x y x y c
 

    
    
    
                    (1.12) 
where 𝜙 is the viscous dissipation and is given by 
2 2 22
1 1
2
2 3
u v v u u v
x y x y x y
 
            
            
             
             (1.13) 
In cylindrical coordinates with the same conditions, the governing equations are 
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Momentum equations: 
x -component:             
2
2
1 1u u p u u
u v v r
x r x r r r x
       
      
       
             (1.14) 
y-component:             
2
2
1 1
( )
v v p v
u v v rv
x r r r r r x
       
             
             (1.15) 
Energy equation: 
2
2
T T T T
u v r
x r r r r x

 
     
    
     
                       (1.16) 
where 
2 2 2
2
v v u
r r x
 
        
        
        
                                  (1.17) 
1.6. Flow regimes 
 
10-3                           10-3                                       10-1                                                          10                102 
 
 
  
Fig. 1.2: Different flow regimes 
The flow regimes are categorized according to the value of Knudsen Number as shown in 
Fig. 1.2 [3] and discussed as follows 
(a) When, Kn < 0.001, the flow is no slip and continuum. Navier-Stokes equation is 
applicable. 
(b) When, 0.001 < Kn <0.1, the flow is a slip flow condition and Navier-Stokes equation 
can be applied provided velocity slip and temperature jump are to be considered at the 
wall. 
(c) When 0.1 < Kn < 10, the flow is transition flow and Navier-Stokes equation is not 
valid in this region. However intermolecular collisions are not negligible and taken 
into account. 
(d) When Kn > 10, the flow is a free molecular flow considering intermolecular collision 
to be negligible. 
Kn = 10-4 
No-slip or 
continuum 
region 
Slip flow region Transition region Free molecular 
region 
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Chapter-2 
 
LITERATURE REVIEW 
 
 
        Axial wall conduction is an important topic for research work in which many research 
scholars have worked on micro channels. For example, [4-20] have studied on micro 
channels of axial wall conduction. In the age of previous research work many researchers 
were studying about axial wall conduction, so this field of research was saturated and 
gradually it became less prominent. But when age of micro channels developed, again the 
field of research work of axial wall conduction became important and got the prominent role 
for many researchers. For example, in 1999, Peterson and Moharana in 2004 have 
successfully studied on this field, which became the keen interest for new researchers to 
study furthermore. 
         Moharana et al. [4] studied about the effect of axial back conduction of rectangular 
micro channel engraved in a solid substrate subjected to constant wall heat flux from the 
bottom. Three dimensional study had been carried out and changed different parameters as in 
our study and concluded that there exists an optimum ksf value for which Nusselt number is 
maximum. 
         Kumar and Moharana [5] studied about axial wall conduction in partially heated 
microtubes. They carried out the analysis of taking a circular channel of dimension 0.2mm 
inner radius and 600mm length. They studied the effect of axial wall conduction in both the 
cases i.e. for partially heated microtube and fully heated microtube. In partially heated 
microtube, they insulated some part of outside wall i.e. 6mm from inlet and 6mm at the 
outlet, remaining 48mm middle portion of the wall applied as constant heat flux boundary 
condition. The variable parameters taken were ksf, δsf and Re. They noticed that the value of 
ksf and δsf were the dominant role in the effect of axial wall conduction. 
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         Moharana and Khandekar [6] studied the effect of axial conduction in single phase 
simultaneously developing flow in a rectangular mini channel array. The dimensions of the 
mini channels were taken as 1.11 ± 0.2 mm in width, 0.772 ± 0.005 mm in depth and 50 mm 
of length. The mini channels were kept in parallel and copper was taken as solid material. 
They studied both numerically and experimentally and observed that axial conduction has the 
effect on temperature distribution on the walls of the mini channel. 
      Moharana and Khandekar [7] studied the effect of aspect ratio on the axial conduction 
for a rectangular micro channel. They carried out a 3-dimensional numerical study for the 
rectangular micro channel of dimension 0.6 mm × 0.4mm ×60 mm of solid substrate which 
was fixed but flow dimensions were varied such that aspect ratio varies from 0.45 to 0.4 and 
fixed Reynold’s number equal to 100 was taken. Constant heat flux was applied from the 
bottom of the surface. They found an observation that there exist a minimum Nusselt number 
at the aspect ratio of 2.0 or less than this value for any ksf values. 
         Moharana et al. [8] carried out a three dimensional numerical simulation on a 
rectangular micro channel subjected to constant heat flux to find the effect of axial back 
conduction to the solid substrate of the micro channel which leads to conjugate heat transfer. 
They fixed the size of solid substrate of dimension 0.6 mm × 0.4mm ×60 mm changing flow 
dimensions of the channel from the aspect ratio 1 to 4. They found the minimum Nusselt 
number at the aspect ratio 2. 
         Moharana et al. [9] studied about optimum Nusselt number for simultaneously 
developing internal flow under conjugate conditions in a square microchannel. They took a 
square microchannel and applied constant wall heat flux boundary condition at the bottom of 
the wall and the variable parameters taken were ksf = solid to fluid conductivity ratio, δsf = 
ratio of thickness of solid to flow radius and Reynold’s number. They found the effect of 
axial wall conduction and observed an optimum ksf value which was the key factor for 
maximising the Nusselt number. 
      Tiwari et al. [10] carried out numerical simulation for both fully heated and partially 
heated micro channels subjected to constant heat flux from the bottom. They found the effect 
of axial back conduction and optimum ksf value at which Nusselt number is maximum. 
         Davis and Gill [11] studied the effect of axial wall conduction in the wall on heat 
transfer with laminar flow. They studied the effect of axial wall conduction taking the 
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parameters as Peclet Number of the fluid (Pe), ratio of wall thickness to length (δ2/L), and a 
dimensionless group variables β = k2δ1/k1L. They concluded that, increasing δ2/L and β 
values the axial wall conduction effect increases, whereas increasing value of Pe, conduction 
effect decreases. 
      Harley et al. [12] studied both numerical & experimental view for both Reynolds 
number & high subsonic Mach number and changing the Knudsen number in the range of 0.4 
to 10.3. They noticed the friction factor which leads to no slip condition. 
      Hsieh et al. [13] studied both experimentally and analytically the gas flow of nitrogen 
through micro channel varying Knudsen number in the range of 0.001 to 0.02. They analysed 
two dimensional continuous flow model and used as slip flow boundary condition for the first 
time. They see good results of analytical solution comparing with experimental results. 
         Fighri et al. [14] studied about the micro channels for laminar gas flow. The parameters 
to calibrate were Knudsen number, Mach number & relative surface roughness to see the 
effect of friction factor. The hydraulic diameter changed in the range of 5 to 96 mm. the 
material of the microtube was silicon and topped with glass. The pressure was calculated at 
different cross sectional areas along the length of the tub to see the values of the parameters. 
They calibrated the parameters to find the friction factor.          
         Yang et al. [15] studied about micro channels of stainless steel and fused silica as 
materials. The channel diameters varied from 50 to 254 µm. they found the flow parameters 
calibrating pressure drop and mass flow rate. 
         Miyamoto et al. [16] studied about effect of axial wall conduction in the case of vertical 
flat plate. They performed the experiment on natural convection heat transfer. The boundary 
conditions were taken as- constant wall temperature and constant wall heat flux and a 
parameter k·D was taken where k = ks/kf and D = d/L. they concluded that- 
(i)  In the case of constant wall temperature boundary condition, axial wall conduction has 
an insignificant effect on temperature distribution. 
(ii) In the case of constant wall heat flux boundary condition with the higher value of 
parameter, axial wall conduction has significant effect on temperature distribution. 
         Hegges et al. [17] studied the effect of axial wall conduction on development of 
recirculating combined convection flows in vertical tubes. They passed water as working 
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fluid through the tube and the flow was laminar steady state. The experiment was performed 
taking fixed fluid parameters as Prandtl Number, Reynold’s Number and Grashof’s Number 
and other variable parameters as, wall to fluid conductivity ratio, and ratio between outside 
radius to inner radius. Constant wall heat flux boundary condition applied at outside of a 
wall. They found the solution from their experiment that the flows and temperature 
distributions are much more dependent on the values of above variable parameters. 
         Tiselj et al. [18] studied the effect of axial conduction in micro channels. In their 
experimental analysis, the main thing to find was heat transfer characteristics for water. The 
water was flowing through a silicon micro channel, which was triangular shaped and of 
160µm hydraulic diameter. They varied the Reynolds number Re = 3.2-64. They got the 
conclusion that, there was no change of bulk fluid temperature and surface temperature of the 
heated wall. But when they took the difference between the two temperatures it was negative 
i.e. there was axial back conduction through the wall and it varied with the change of 
Reynold’s number. 
      Yadav et al. [19] carried out a two dimensional numerical simulation for a circular 
micro channel of fixed length (i.e. 60 mm) and fixed flow dimension (i.e. inner radius of the 
micro channel as 0.2 mm). They varied the solid substrate dimension from δsf = 1 to 5. The 
analysis was carried out taking different materials i.e. different ksf values and varying the 
flow parameters as 1, 100 and 500. Here Helium gas was used as the working fluid at 
cryogenic temperature condition i.e. at inlet temperature of 100 K. They concluded that there 
is an axial back conduction on the solid substrate which leads to the conjugate heat transfer 
and there exist an optimum ksf value at which Nusselt number is maximum. 
         Campo et al. [20] studied about axial conduction in laminar pipe flows with non-linear 
wall heat fluxes in 1978. They performed the experiment to determine the fluid flow and heat 
transfer parameters and the effect of axial wall conduction by varying those parameters. Fluid 
flow parameters as Nusselt number, Peclet number and Biot number and heat transfer 
parameters as heat fluxes and bulk fluid temperature. They noticed different effects of axial 
wall conduction on different values of Peclet number and Biot number. They saw that at very 
low Peclet number i.e. Pe < 5, the effect of axial wall conduction is negligible. Also they 
noticed the effect of axial wall conduction depend not only the value of Peclet number but 
also the value of Biot number. So the heat flux decreases along the axial direction when the 
effect of axial wall conduction increases. 
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         Still the study of effect of axial back conduction in the solid substrate of micro channels 
by flowing cryogenic fluids inside the channel is not explored. In this work nitrogen gas is 
taken as cryogenic fluid to flow through the channel to find the effect in a systematic manner. 
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Chapter-3 
 
NUMERICAL SIMULATION 
3.1. Introduction 
      In this research work a two dimensional investigation has been carried out for a circular 
microtube as shown in Fig. 3.1 to analyse the effect of axial back conduction inside the solid 
surface of the channel for a developed laminar flow condition and heat transfer analysis for a 
fully heated micro channel on which constant heat flux is applied at its outer surface. A 
cylindrical microtube of length 60 mm and inner radius of 0.2 mm is considered for the 
numerical study. Different materials of solid for the cylinder of constant thermos-physical 
properties are taken. Gaseous nitrogen of variable thermos-physical properties (temperature 
dependent) is passed through the channel and the flow is laminar, single phase and steady 
state. The geometry of the microchannel considered in the present work is shown in Fig. 3.1.  
 
 
 
 
 
 
 
 
Fig. 3.1: (a) microtube and its (b) cross section view 
         Here only forced convection mode of heat transfer is considered neglecting natural 
convection and radiation mode of heat transfer. Some parametric notations are used for the 
representation of dimensions of the channel as follows: 
(b) 
ro 
z 
r 
L 
(a) 
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δf = fluid domain radius of the tube 
δs = solid domain thickness of the tube (ro-ri) 
δsf = aspect ratio of the tube =  
𝛿𝑠
𝛿𝑓
 
L = characteristic length of the tube 
         The dimensions of fluid domain i.e., total length (L) of 60 mm and inner radius (δf) of 
0.2 mm is remained constant throughout the analysis but the solid domain i.e., solid wall 
thickness (δs), is varied such that the aspect ratio (δsf) varies as 1, 2, 3, 4 and 5. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.2: (a) microtube and its computational domain, (b) Fully heated 
     Cryogenic fluid of Nitrogen gas is used as working fluid to flow through the channel at 
the inlet condition of 100 K with thermal conductivity kf is used as working fluid such that ksf 
(= ks/kf) varies in the range of 22.07931 – 45980.71 and the flow parameter Reynolds number 
varies as 100 & 500. 
     Fig. 3.2 (a) shows 3-dimensional view of the cylindrical micro channel inside which 
gaseous nitrogen flowing at the inlet condition of 100 K and the Fig. 3.2 (b) shows one half 
of the transverse section of the microchannel in two dimensional view which to be analysed 
in the computational domain. 
(b) 
Axis of symmetry 
q˝= constant z 
r 
ri 
ro 
z 
r 
ro 
L 
(a) 
Fluid 
Solid 
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         The Fig. 3.2 (b) is designed in the Ansys 15.0 and different mesh sizes created for fluid 
domain and solid domain. For the fluid domain constant mesh size is generated because its 
dimension is constant throughout the analysis but for the solid domain different mesh sizes 
generated as its dimensions varies with δsf value. Then this mesh file is opened in the fluent 
15.0 and is made to run giving proper boundary conditions as mentioned above figure i.e. 
constant heat flux is given to the outer wall and other cross sectional solid faces are taken as 
adiabatic wall. The analysis can be done as fully heated or partially heated for the outer 
surface, but this simulation has been carried with fully heated. 
Table 3.1: Need of different materials for the simulation 
 Density 
(kg/m3) 
Cp (J/kg-K) ks (W/m-K) kf (W/m-K) ksf (W/m-K) 
Sulfur 2070 708 0.206 0.00933 22.07931 
Silicon 
dioxide 
2220 745 1.38 0.00933 147.91 
Bismuth 9780 122 7.86 0.00933 842.4437 
Nicrome 8400 420 12 0.00933 1286.174 
SS-316 8238 468 13.4 0.00933 1436.227 
Constantan 8920 384 23 0.00933 2465.166 
Chromium 
steel 
7822 444 37.7 0.00933 4040.729 
Bronze 8780 355 54 0.00933 5787.781 
Zink 7140 389 116 0.00933 12433.01 
Alloy 2790 883 168 0.00933 18006.43 
Silver 10500 235 429 0.00933 45980.71 
 
       The governing differential equations i.e. continuity, Navier-Stokes and Energy 
equations are: 
For fluid domain 
. 0u                              (3.1) 
21.u u p u

 
                            (3.2) 
2. .p
k
u T c T

 
   
 
                        (3.3) 
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For solid domain 
2 0T                             (3.4) 
Boundary conditions are 
At, z = 0 and z = L and y = 0, symmetric axis 
At, z = 0 and y = 0 to y = δf , 
At, z = L and y = 0 to y =  δf , gauge pressure 
At, z = 0 and y = δf to y = δs+ δf ,
𝜕𝑇
𝜕𝑧
= 0 
At, z = L and y = δf to y = δs+ δf ,
𝜕𝑇
𝜕𝑧
= 0 
     Here Ansys-Fluent software is used to solve the above mentioned governing equations. 
Multi grid solution method is applied to the coupling of velocity using simple algorithm and 
for pressure discretization the standard scheme is used. Energy, momentum and continuity 
equations are simulated in the software, thus absolute convergence criterion is required. For 
energy and momentum 10-6 for continuity 10-9 is taken. At the inlet of the micro channel 
nitrogen gas is entered with a slug velocity profile and the flow fully developed hydro-
dynamically and thermally. The shapes of the meshing in the computational domain used 
were rectangular and a grid independent test is done to confirm all grid sizes included in the 
study. 
3.2. Introduction to Cryogenic and its fluid properties 
     Cryogenics is the branch of physics which deals the study of material behaviours below 
very low temperature. Actually there is no such certain temperature from which the cryogenic 
temperature starts or at which temperature it ends. But according to the scientists a point of 
temperature is taken i.e. -1500C or 123 K, which is known as cryogenic temperature and 
below which cryogenic field starts. 
     There are many fluids exist in the atmosphere whose boiling points are below 123 K 
e.g. Helium, Oxygen Nitrogen etc. and its thermos-physical properties change appreciably 
with the change of temperature. In the present work, nitrogen gas is taken as the cryogenic 
fluid to pass through the micro channel. Temperature dependent experimental values of 
thermos-physical properties such as density, viscosity, specific heat and thermal conductivity 
are collected from the book Cryogenic Heat Transfer by Randall F. Barron. The thermos-
16 
 
physical properties functions of temperature are used as UDF generated from those 
experimental values as shown below [22]. 
11 5 8 4 5 3
2
( ) 2.140018 10 2.360278 10 1.039025 10
0.002319685 0.274079 15.94888
f T T T T
T T
         
           (3.5)
 
11 2 8 7( ) 5.518223 10 7.661671 10 1.611972 10f T T T
        
        (3.6) 
10 5 7 4 5 3
2
( ) 3.009301 10 2.47215 10 6.345943 10
0.002188883 1.252617 1172.603
pc T T T T
T T
       
  
        (3.7) 
8 2 5 4( ) 4.326144 10 9.993237 10 2.333699 10fk T T T
                 (3.8) 
3.3.  Grid Independent Test 
     Generally rectangular shapes of block elements are used for meshing all computational 
domains. Grid independent test ensures for all dimensions considered in this simulation. In 
this study three different mesh sizes were used for the two dimensional micro channel 
without wall thickness for finding local Nusselt number. The mesh sizes are 32×4800, 
40×6000 and 50×7500. The working fluid is taken as water and the flow velocity calculated 
from the fluid property Re = 100 and constant wall heat flux applied as 87500 w/m2 as shown 
in Fig. 3.3. At the fully developed region the local Nusselt number was found of changing 
0.68% for the mesh size 32×4800 and 40×6000, and 0.55% for 50×7500 mesh size. It was 
observed that no such appreciable change occurred for the above mentioned three different 
mesh sizes. Thus, mesh size of 40×600 taken for the study. Again it is found that the value of 
local Nusselt number is nearly equal to the theoretical value of Nusselt number, i.e. Nuz = 
4.36, for a circular tube subjected to constant heat flux. 
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Fig. 3.3: Average Local Nusselt number for the without wall thickness microtube in the three 
different mesh sizes is found to be 4.36. 
 
3.4. Data Reduction 
  The parameters from which axial wall conduction effect is calculated are (a) 
peripherally averaged local heat flux, (b) local bulk fluid temperature and (c) peripherally 
averaged local wall temperature. 
*
Re.Pr. h
z
z
D
                          (3.8) 
The non-dimensional heat flux at the fluid solid interface is given by 
w
q
q




                            (3.9) 
where, q= local heat flux at the solid-fluid interface 
wq = local heat flux at the outer surface. 
The non-dimensional bulk fluid temperature is given by, 
 
 
f fi
f
fo fi
T T
T T




                           (3.10) 
The non-dimensional inner wall temperature is given by, 
 
 
w fi
w
fo fi
T T
T T




                           (3.11) 
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where, 𝑇𝑓𝑖 & 𝑇𝑓𝑜  are bulk fluid temperature at the inlet & outlet. 𝑇𝑓 is the bulk fluid 
temperature at any location and 𝑇𝑤 is the wall temperature at that position. 
The local Nusselt number is given by, 
z
z
f
h D
Nu
k
                             (3.12)  
where, zh  is the local convective heat transfer coefficient =  w f
q
T T


 
The equation used for calculating the average Nusselt number over the full length of the 
micro channel is given by, 
0
1
L
zNu Nu dz
L
                             (3.13) 
 
3.5.  Important calculations 
Calculation for Knudsen number whether the flow is under slip flow or no slip flow:- 
         Here Nitrogen gas is taken as working fluid, thus the calculation is for nitrogen gas as 
shown below. 
Atomic radius of nitrogen is given by, 56 pm = 56 × 10-12 m 
Atomic diameter of nitrogen, d = 112 × 10-12 m 
Boltzmann constant, 𝑘 ̅= 1.3806 × 10-23 j/K 
Atmospheric pressure, p = 101325 pa 
Thus, λ = 
22
kT
P       
(from equation-(1.8)) 
                =
 
23
2
12
1.3806 10
2 101325 112 10
T




  
 
or, , λ = 2.44483 × 10-9 T 
and,       Kn = λ/L                    (from equation-(1.7)) 
Thus, Kn = 6.112 × 10-6 T 
Our inlet temperature condition is at 100K. 
So, at T = 100K, 
Kn = 6.112 × 10-4 = 0.0006112 ˂ 0.001, 
19 
 
      The value of Knudsen number is less than 0.001, thus the flow of nitrogen through the 
micro channel under this inlet temperature condition is considered as continuum flow or no-
slip condition. 
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Chapter – 4 
 
RESULT AND DISCUSSION 
 
 
      As discussed in the previous chapter, the value of δf (passage of fluid flow) is kept 
constant and the value of δs (wall thickness of the channel) is varied. In our analysis, it is 
tried to show the effect of axial conduction on the solid substrate with the variation of wall 
thickness. The outer surface of the micro channel is subjected to constant heat flux and the 
heat travels radially through the solid substrate by conduction and reaches at solid-fluid 
interface where transport of heat occurs by convection, which is known conjugate heat 
transfer. So the analysis is based on the effect of axial conduction due to conjugate heat 
transfer. 
     Generally for a flow through circular micro channel having a finite wall thickness, 
subjected to either constant wall heat flux or constant wall temperature, the maximum value 
of convective heat transfer coefficient is achieved when the solid-fluid interface experiences 
constant heat flux. Under ideal condition of a circular micro channel i.e. for zero wall 
thickness, subjected to constant wall heat flux at the outer surface, the maximum value of 
Nusselt number for fully developed laminar flow will be 4.36. For similar flow condition 
subjected to constant wall temperature boundary condition, the maximum value of Nusselt 
number will be 3.66. But in practical case every channel has its wall thickness and due to 
axial conduction there is no certainty that the solid-fluid interface will experience the same 
boundary condition which is applied at the outer surface. So, in this work it is tried to find out 
actual boundary condition experienced at the solid-fluid interface of a micro tube subjected to 
fully heated constant heat flux. The parameters of interest in this work are peripherally 
averaged local heat flux, peripherally averaged wall temperature, area averaged bulk fluid 
temperature and local Nusselt number. The axial variation of wall temperature and bulk fluid  
21 
 
0.0 0.4 0.8 1.2 1.6 2.0
0.0
0.3
0.6
0.9
1.2

w
,

f
z*
     
sf
 1
 2
 3
 4
 5
(a) k
sf
 = 45980.71, Re =100
0.00 0.08 0.16 0.24 0.32 0.40
0.0
0.3
0.6
0.9
1.2

w
,

f
z*
     
sf
 1
 2
 3
 4
 5
(d) k
sf
 = 45980.71, Re = 500
 
0.0 0.4 0.8 1.2 1.6 2.0
0.0
0.3
0.6
0.9
1.2

w
,

f
z*
     
sf
 1
 2
 3
 4
 5
(b) k
sf
 = 2465.166, Re =100
0.00 0.08 0.16 0.24 0.32 0.40
0.0
0.3
0.6
0.9
1.2

w
,

f
z*
     
sf
 1
 2
 3
 4
 5
(e) k
sf
 = 2465.166, Re = 500
 
0.0 0.4 0.8 1.2 1.6 2.0
0.0
0.3
0.6
0.9
1.2

w
,

f
z*
     
sf
 1
 2
 3
 4
 5
(c) k
sf
 = 22.07931, Re =100
0.00 0.08 0.16 0.24 0.32 0.40
0.0
0.3
0.6
0.9
1.2

w
,

f
z*
     
sf
 1
 2
 3
 4
 5
(f) k
sf
 = 22.07931, Re = 500
 
Fig. 4.1: Change of dimensionless wall temperature and bulk mean fluid temperature with 
respect to z* as a function of ksf, δsf and Re. 
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temperature is shown in Fig. 1.1 (a) and (b) for both constant wall heat flux and constant wall 
temperature boundary condition respectively. For constant wall heat flux boundary condition 
the axial variation of dimensionless wall temperature and bulk fluid temperature is shown in 
Fig. 4.1 as a function of ksf , δsf  and Re. 
         The values of dimensionless bulk fluid temperature vary linearly in the range of 0 to 1 
from inlet and outlet of the micro channel and are represented by the dotted lines, which is 
the similar variation under ideal condition subjected to constant wall heat flux. In Fig.4.1, the 
graph of dimensionless solid-fluid interface surface temperature (Θw) and bulk fluid 
temperature (Θf), plotted against axial direction for the different values of δsf and function of 
ksf and Reynolds number. Fig. 4.1 (a) shows the graph for lower Re = 100 and higher ksf = 
45980.71, in which Θw varies linearly with Θf at the fully developed region but it does not 
vary linearly with Θf at the developing region. These activities are similar to the ideal 
condition of temperature plot as shown in Fig. 1.1 (a).  
         At the lower value of ksf and Re = 100, the dimensionless axial wall temperature and 
bulk fluid temperature treats linearly as ideal condition in Fig. 4.1 (b,c). From the Fig. 4.1 (c), 
it is clear that the difference between the above notified two temperatures is very less, thus it 
can said as the case of isothermal temperature condition. 
     Again moving toward the higher value of Reynolds number (Re = 500), the obtained 
results are similar to the ideal condition of lower value of micro channel and wall thickness 
ratio (δsf = 1). But the behaviour is something different while moving towards the higher 
value of δsf = 5. For higher value of Reynolds number Re = 500 and lower value of ksf = 
22.09631, it is observed from Fig. 4.1 (f) that the difference the two dimensionless 
temperatures is constant. 
         In this analysis it is observed that the solid-fluid interface experiences almost equal 
constant heat flux along the axial direction of the channel irrespective of the values of ksf and 
δsf. But it can be noticed also in the case of higher δsf, the solid-fluid interface experiences 
more heat flux than in the case of lower δsf. The reason behind it is, the high thermal 
conductivity ratio ksf and high thickness ratio δsf causes lower axial thermal resistance and 
vice versa. Thus, this lower thermal resistance at higher value of δsf causes axial back 
conduction in the wall. This effect is more convenient while increasing the solid-fluid 
conductivity ratio ksf. 
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Fig. 4.2: Change of dimensionless heat flux with respect to z*as a function of ksf, δsf and Re 
     Figure 4.2 shows the graph of heat flux ratio (ϕ) and z* for all values of δsf and 
Reynold’s number. In Fig. 4.2 (a), (b) & (c) the graphs are for Re = 100 and the values of ‘ϕ’  
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Fig. 4.3: Axial variation of Local Nusselt number as a function of ksf, δsf and Re 
maintain constant in z* direction but different for different δsf values. In Fig. 4.2 (d), (e) & (f) 
the graphs are for Re = 500 and the values of ‘ϕ’ are also constant but these are higher than 
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the values of Re = 100 and also ‘ϕ’ values are different for different δsf values. Thus, it can be 
said that the values of heat flux at the interface of microtube are mostly dependent on δsf 
values. 
Zahang et al. [21] carried out the analysis on constant temperature boundary condition 
problem and stated that “the dimensionless wall heat flux will be constant at the solid-fluid 
interface if axial wall conduction in the tube is more effective”. In our study the heat flux is 
found as constant, which proves the existence of strong effect of axial wall conduction. From 
the figure 4.2, we came to know that the effect of heat flux is mainly depend on ksf and δsf but 
not so much dependent on Reynolds number. 
The local Nusselt number can be determined from the value of axial change of dimensionless 
bulk mean fluid and local wall temperature (as shown in Fig. 4.1) and dimensionless wall 
heat flux (as shown in Fig. 4.2). The variation of local Nusselt number with respect to length 
of the tube is plotted in Fig 4.3. 
     We have considered in previous chapter that if the solid-fluid interface will achieve the 
boundary condition of constant heat flux, then the local Nusselt number becomes 
approximately equal to 4.36 and if the interface has to achieve constant temperature boundary 
condition, then the local Nusselt number tends to 3.66 at the fully developed region. We can 
consider this concept comparing with our result of Nuz from Fig. 4.3. In that figure it can be 
seen that for flow through micro channel using cryogenic fluid of Nitrogen, local Nusselt 
number at the starting point of fully developed region becomes nearly equal to 4.36 at Re = 
100 and Nuz is going on increasing with the increase of ksf as shown in Fig. 4.3 (a), (b) & (c). 
Again for Re = 500 at the starting point of fully developed region Nuz is something more than 
4.36 and continuously increasing with increase of ksf as shown in Fig. 4.3 (d), (e) & (f). For 
all value of Reynold’s number & solid-fluid conductivity ratio Nuz is decreasing with 
increase of aspect ratio (δsf). 
     From the Fig. 4.3 (a) & (b), it can be observed that the value of local Nusselt number is 
lower than 4.36 at the entrance of fully developed region. This is due to more temperature 
difference between bulk mean fluid temperature and interface surface temperature. This was 
the first concept drawn by Brinkman and denoted as Brinkman number. The local Nusselt 
number varies as decreasing with increase of Brinkman number. 
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Fig. 4.4: Variation of average Nusselt number with ksf as a function of δsf and Re 
     In the Fig. 4.4 (a), average Nusselt number is plotted against solid-fluid conductivity 
ratio and the lines are looking as straight because the range of ksf varies from 22.07931 to 
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45980.71, which is a very high range of variation, but actually they are going in decreasing 
manner with the increase of ksf. 
     In my research work, the main objective was to find out the optimum ksf value at which 
Nusselt number is maximum. So the Fig. 4.4 (a) is modified to Fig. 4.4 (b), in which the 
range of ksf value is varied from 1000 to 4000. From this figure it can be seen that for each 
value of solid-fluid thickness ratio, average Nusselt number is maximum at the ksf value 
nearer to 1000 (i.e. very first point) which is remarked in the above figure. We have the 
material “Nicrome” whose ksf value is equal to 1286.174 at the remarked points. Thus, 
Nicrome can be selected as the solid material in the microchannel in which nitrogen gas is 
made to flow at cryogenic temperature so that cooling performance will be high among all 
the materials taken in my study.  
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CHAPTER - 5 
Conclusion 
 
     A numerical study is undertaken on “Axial Back Conduction in Cryogenic Fluid 
Microtube”. The tube is a circular microtube of length 60 mm and inner radius 0.2 mm, 
which is fluid domain and is kept constant throughout the analysis. The dimension of solid 
domain is varied as δsf = 1 to 5. Cryogenic gas (Nitrogen), having temperature varying 
thermos-physical properties, is made to flow at inlet of 100 K for Reynolds number 100 and 
500 and taking different materials as ksf = 22.07931 to 45980.71. Based on the above 
numerical study, it is concluded that 
1. The numerical analysis of laminar flow of cryogenic fluid inside a microchannel subjected 
to constant wall heat flux is necessary to observe the effect of axial wall conduction inside 
the solid substrate of the channel in opposite direction of fluid flow. 
2. The analysis is important to learn for conjugate heat transfer analysis as both conduction 
and convection occurs at the solid-fluid interface. 
3. For same value of δsf, average Nusselt number decreases with increase in ksf value. 
4. With increase in solid-fluid wall thickness ratio average Nusselt number decreases. 
5. As the Nusselt number depends on various factors as described in our analysis and mostly 
on ksf value, so there exists a certain value of ksf = 1286.174 (Nicrome), at which Nusselt 
number is maximum. 
6. From the above point it can be concluded that the analysis is more convenient for selection 
of high performance material for cooling purpose. 
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